ABSTRACT
INTRODUCTION

RESULTS AND DISCUSSION
57
CRISPR/LbCpf1-based geminiviral replicon system highly enhanced HDR in tomato 58 To test the hypothesis, we re-engineered a Bean Yellow Dwarf Virus (BeYDV) replicon to 59 supply high doses of homologous donor templates, and used a CRISPR/LbCpf1 system 60 (Zetsche et al., 2015) for DSB formation ( Figure 1A and 1B). Selection of HDR events was 61 supported by a double selection/screening system using kanamycin resistance and 62 anthocyanin overproduction ( Figure 1A ).
63
To validate our system, the LbCpf1 expression cassette driven by a CaMV 35S promoter and efficiencies ( Figure 1C ) as shown in other works (Čermák et al., 2015) . This is the first report 75 showing highly efficient HDR in plants using Cas12a expressing from a geminiviral replicon. Figure 1E ). The advancement of LbCpf1-based HDR system might be explained by stress-84 responses of the host cells which rushed for maintenance of genome stability (Boyko et al., 85 2005) by any means of DNA repairs including HDR.
76
Light conditions or photoperiods enhanced HDR efficiency of CRISPR/LbCpf1 system
86
CRISPR/LbCpf1-based HDR was significantly higher compared to CRISPR/Cas9-based 87 system at high temperature 88 Temperature is an important factor controlling ICR (Boyko et al., 2005) and CRISPR/Cas9-89 based targeted mutagenesis in plants ( LeBlanc et al., 2018) and CRISPR/Cpf1-based HDR Tanenbaum et al., 2014) . A single construct system (pHR01-Activ, Supplemental Figure 2A )
110
showed negative effects on HDR (data not shown), which may be due to its large size (~32 kb 111 as T-DNA and ~27 kb as circularized replicon).
112
The size of viral replicons is inversely correlated with their copy numbers (Suarez-Lopez and 113 , 1997; Baltes et al., 2014) . In this work we also tested a novel idea to use a T-DNA 114 producing multiple replicons (pHR01-MR, Figure 2A , and Supplemental Figure 2B ).
Gutierrez
115
Compared to pHR01, the construct showed HDR efficiencies with 39% increase. We also 116 confirmed the release of three replicons from a single vector (pHR01-MR) used in this work
117
( Figure 2B ). To our best knowledge, this is the first report that multiple replicons can be used 118 for efficient genome editing via HDR pathway. This multiple replicon system may also 119 provide more flexible choices for expressing multiple genes/genetic tools/DNA agents with 120 high copies in plant cells.
121
The true HDR events were obtained at high frequency
122
To verify the HDR repair events in the study, PCR analyses were conducted using primers 123 specific for the right (UPANT1-F1/NptII-R1) and left (ZY010F/TC140R) ( Figure 1A ;
124
Supplemental Table 2 Figure 5B ).
144
The HDR allele was stably inherited in offspring by self-pollination as well as backcrossing
145
To confirm stable heritable edits, we grew Genome Edited generation 1 (GE1) plants ( Figure   146 2E) obtained from self-pollination of LbCpf1-based HDR GE0 events, and found segregating 147 population in purple phenotype (Supplemental Table 4 to produce the salt tolerant allele (N217D) (Ali et al., 2016) ( Figure 3A , Supplemental Table 5 ) 176 using our system with a HKT1;2 gene donor template which contains neither antibiotic 177 selection marker nor ANT1 color marker ( Figure 3B ). The CRISPR/LbCpf1 system was very inheritance to natural allele as it was transferred to next generation following Mendelian rules.
186
The advancement of HDR in somatic cells and obtaining replicon-free HDR-edited plants in
187
GE0 generation will open a door for practical applications of the technique to genetically 188 improve crop traits, with special interest in asexually reproducing crops.
189
MATERIAL AND METHODS
190
Construction and cloning of HDR testing systems
191
The entire design principle and cloning works followed MoClo (Weber et al., 2011) and (Kamoun Lab, Addgene #46968) and terminated by a 7-T chain sequences.
207
Tomato transformation
208
Our research study on HDR improvement was conducted using tomato (Hongkwang cultivar, replicons were detected using PCR with the respected primers for either pHR01
249
(Supplemental Table 2 ) or pTC217 (Supplemental Table 3 ).
250
Statistical analyses
251
HDR efficiencies were recorded in at least three replicates and statistically analyzed and plotted 252 using PRISM 7.01 software. In Figure 1C , multiple comparisons of the HDR efficiencies of the 253 other constructs with that of pRep -were done by one-way ANOVA analysis (Uncorrected
254
Fisher LSD test, n=3, df=2, t=4.4; 4.4 and 1.5 for pTC217; pHR01 and pgRNA -, respectively).
255
In Figure 1E, 
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450
Step by step protocol is presented with each number in the circles indicates number of days after 451 seed sowing (upper panel) and treatments used in each steps are shown in below panel. showing perfectly edited HKT1;2 N217 to D217 allele with WT allele as a reference. The nucleotides highlighted in the discontinuous red boxes denote intended modifications for N217D; PAM and core sequences (to avoid re-cutting).
(B) HDR construct layout for HKT1;2 editing. There is neither selection nor visible marker integrated into the donor sequence. The NptII marker was used for enrichment of transformed cells. (C) Morphology of the HKT1;2 N217D edited event compared to its parental WT in greenhouse conditions. Scale bar = 1 cm.
Supplemental Figure 1
The de novo engineered geminiviral amplicon (named as pLSL.R.Ly) and its replication in tomato.
(A) Map of pLSL.R.Ly. The DNA amplicon is defined by its boundary sequences (Long Intergenic Region, LIR) and a terminated sequence (Short Intergenic Region, SIR). The replication associated protein (Rep/RepA) is expressed from the LIR promoter sequence. All of the expression cassettes of HDR tools were cloned into the vector by replacing the red marker (Lycopene) using a pair of type IIS restriction enzyme (BpiI, flanking ends are TGCC and GGGA). Left (LB) and right (RB) denote the borders of a T-DNA. (B) Circulated DNA detection in tomato leaves infiltrated with pLSL.R.Ly compared to that of pLSLR. Agrobacteria containing the plasmids were infiltrated into tomato leaves (Hongkwang cultivar) and infiltrated leaf were collected at 6, 8 and 11 dpi and used for detection of circulated DNAs. N: water; P1: positive control for pLSL.R.Ly; positive control for P2: pLSLR; Cx: Control samples collected at x dpi; Ixy: infiltrated sample number y collected at x dpi; I11V: sample collected from leaves infiltrated with pLSLR at 11 dpi. PCRs using primers specific to GAPDH were used as loading control. PCR analyses of GE1 plants obtained from GE0 LbCpf1-based HR events . P: pHR01 plasmid isolated from Agrobacteria; L: 1kb ladder; N: Water control; WT: wildtype Hongkwang; C1.6.1-C1.6.5: GE1 offspring of event #C1.6.; C1.9.1: GE1 offspring of event #C1.9; C1.10.1 and C1.10.2: GE1 offspring of event #C1.10; C1.11.1-C1.11.4: GE1 offspring of event #C1.11; C1.12.1-C1.12.5: GE1 offspring of event #C1.12; C1.14.1-C1.14.4: GE1 offspring of event #C1.14; C1. Supplemental Figure 7 Morphological appearance of GE1 plants 18/25 events (highlighted in yellow) showed strong double peaks indicating single/bi-allelic mutations. 6/25 events showed clearly bi-allelic mutations. C77 showed weak (30%) double peaks. C83 and C105 showed large truncations.
Supplemental Figure 10
Timeline and contents of Agro-mediated transformation protocol used in this work.
Step by step protocol is presented with each number in the circles indicates number of days after seed sowing (upper panel) and treatments used in each steps are shown in below panel. 
